Results: Roughness coefficients were from low to high: FB; FN; TT; FS; TS; HRR; FT; DB; TP; HRC. Friction coefficients were from low to high: TP; FS; FN; HRR; FT; DB; FB; HRC; TS; TT. Coated archwires generally exhibited higher friction than uncoated controls. TP had the lowest friction but this was not statistically significant (P < 0.05). Friction of tooth coloured coated archwires were significantly different for some wires. Spearman's correlation did not demonstrate consistency between surface roughness (R a ) and dynamic friction. Conclusions: Aesthetic archwires investigated had either low surface roughness or low frictional resistance but not both properties simultaneously. Causes for friction are likely to be multifactorial and do not appear to be solely determined by surface roughness (measured by profilometry). For selecting the most appropriate aligning archwire, both surface roughness and frictional resistance need to be considered.
Introduction
An expanding inventory of archwires has added versatility to orthodontic treatment (1) and potential advantages to appropriate archwire selection include provision of efficient and predictable treatment results, with minimal patient discomfort (1) . In order to predict clinical outcome, archwire alloys are characterized (2) in vitro and while laboratory tests do not necessarily reflect clinical situations, they do provide a basis for comparison of wires (1) .
Roughness is a measure of texture of a surface and influences how an object will interact with its environment (3) . It can be characterized by amplitude (vertical), spacing (horizontal), and hybrid parameters (4) . Factors shown to influence archwire surface structure include: material (5), coating (6) , manufacturer (7) , and manufacturing technique (5, 8, 9) . However, information on the surface of aesthetic wires has been limited.
Friction can be defined as 'the resistant force between surfaces, with opposed motion' (10) and divided into static and kinetic where static friction opposes initiation of motion and kinetic friction opposes the continuation of motion (11) . This distinction has been criticized as being arbitrary because they are dynamically related and Rossouw et al. (12) and Moore et al. (13) demonstrated that there is no statistically significant difference between the two.
In physics, the coefficient of friction depends on the materials' relative roughness (14) and if two contacting surfaces are involved, it is largely dependent on the absolute roughness of the individual surfaces (5) . However, literature regarding the relationship of surface roughness and friction in orthodontic appliances has been inconclusive. Some researchers have supported a relationship (15, 16) , but others have failed to show a relationship between associated frictional resistance and surface roughness of archwires (6, 8, (17) (18) (19) .
The aim of this study was to evaluate coated orthodontic aligning archwires for surface roughness and associated dynamic frictional resistance and to compare and relate these results to each other.
Null hypotheses
1. There is no difference in surface roughness of the investigated archwires. 2. There is no difference in the coefficients of friction between the investigated archwire/bracket combinations. 3. There is no relationship between the surface roughness of the archwires and their associated coefficients of friction.
Materials and methods

Materials
Ten types of round archwire were investigated (see Table 1 ). The archwires were 0.016″ diameter except for Forestadent Biocosmetic with 0.017″ diameter. These were cut in two and one half designated for surface roughness and the other for friction testing. The test specimens were selected from the straight section to represent the buccal section of the archwire. All 10 wires of each type came from the same batch in order to avoid any interbatch variation. For friction testing, Gemini lower incisor metal brackets with 0.022 × 0.028″ slot (3M Unitek) and aesthetic silicone ligatures (Forestadent) were used. The sample size was 10 in accordance with previous studies (6).
Method
Surface roughness testing A surface profilometer (Rugosurf, TESA Technology) was used with a 5 μm diameter diamond stylus, 0.005 μm resolution, and 0-75 μm range. The cut-off length was 0.8 mm and the measuring length 4.8 mm. The wire was secured to the worktop. The Rugosurf tip was positioned on the wire and followed the profile of the surface when the stylus was drawn across the surface by the drive unit (20) . Data were directly transferred to the connected PC running RUGOSOFT software. Data consisted of 10 vertical roughness parameters including the arithmetic average roughness (R a ). Each wire was scanned three times (buccal, mid, and labial segments) for all single surface archwires (21) . However, for labial coated wires, wires were scanned three times on each of the surfaces (lingual uncoated, labial coated, and lateral surfaces). However, it became clear that the lateral surface represented an inconsistent mix of coated and uncoated surfaces and therefore was excluded from analysis.
Friction testing
Static and kinetic frictional forces were recorded for each archwire/ bracket/ligature combination in a 'passive' set-up (archwire-bracket angulation less than the critical contact angle), hence resistance to sliding was based on the classical model of friction (22) and did not include binding or notching. Testing was completed at room temperature and in dry conditions. The metal brackets were bonded to steel bars (150 × 20 × 3 mm) using Araldite epoxy resin (Bostik Ltd, Leicester, UK) as described in previous experiments by Cash et al. (23) . A bonding jig, constructed of a 0.021 × 0.025″ stainless steel wire, ensured consistent bracket slot positions with the bracket slot axis perpendicular to the surface of the steel bar. The buccal sections of the archwires were ligated into the bracket with silicone ligatures. A new ligature was placed with mosquito forceps immediately before each test run, to avoid force decay (24) . The steel rod with the bracket/archwire complex was fixed vertically to the Instron 1193 universal testing instrument. A 10 N load cell was calibrated and the archwire was drawn through the bracket under tension for 1.25 mm at a rate of 1 mm/minute. The crosshead speed was constant and chosen in light of previous studies (17, 25) . The mean frictional resistance was calculated for comparison with surface roughness data.
Statistical analysis
Statistical analysis was completed with Stata 12.1 (StataCorp, College Station, Texas, USA). The data were analysed using one-way analysis of variance (ANOVA) in conjunction with Sidak's method for multiple comparison of means. Significance was predetermined at α = 0.05.
Results
Surface roughness
Arithmetic average height (R a ) defined as 'the average absolute deviation of the roughness irregularities from the mean line over one sampling length' (4) was analysed because of the importance of amplitude parameters (4) and to enable comparison with previous studies as an accurate representation of wire roughness. R a values for the wires tested are shown in Table 2 . The wires demonstrated good consistency in roughness along their segments with only TOC Sentalloy showing a significant difference between them (ANOVA analysis, P < 0.05). R a values for the buccal segments were used for comparison with friction data.
The R a values reported in Table 2 illustrate that relative to the uncoated control wires (Forestadent Stainless Steel and Titanol Superelastic), all the investigated archwires (both coated tooth coloured and rhodium coated) had higher R a values except Forestadent Biocosmetic (coated tooth coloured) that exhibited a slightly although not significantly lower R a value (P < 0.05). Figure 1 illustrates the R a values of the buccal segments. Sidak's multiple comparison of means (Table 4) identified that the surface roughness (R a ) of Hawley Russell Coated Superelastic NiTi archwires was significantly different (at P < 0.05) from all other archwires tested. Sidak's test divided the remaining archwires into four groups (from low to high): The test found a statistically significant difference (at P < 0.05) between the following groups: group 1 with groups 3 and 4; and group 2 with group 4. Therefore significant differences were recorded between:
1. Some but not all tooth coloured coated archwires.
There was no significant difference recorded between:
1. Uncoated stainless steel and nickel-titanium (NiTi) controls. 2. Uncoated controls and two tooth coloured coated archwire (Forestadent Titanol Biocosmetic and TOC Tooth Tone) and two rhodium coated (Hawley Russell Rhodium and TOC Sentalloy). 3. The two types of rhodium coated archwires.
Friction
Dynamic frictional force (recorded as the average of peaks and valleys from 20 to 70 seconds corresponding to the chart plateau) was selected for comparison and results are summarized in Table 3 and Figure 2 . Coated archwires exhibited higher friction than either the uncoated (stainless steel and NiTi) control archwires. The exception was TP Aesthetic archwire, which demonstrated the lowest friction although this was not statistically significant (P < 0.05). Tooth coloured coated wires demonstrated a large range of dynamic friction from the lowest recorded friction for TP Aesthetic archwires to the highest recorded friction with TOC Tooth Tone.
ANOVA analysis confirmed that there was a significant difference between the archwire systems according to their dynamic friction.
Sidak's multiple comparison of means categorized archwires according to their dynamic frictional forces. TOC Tooth Tone was significantly higher (P < 0.05) from all other archwires. The remaining archwires were divided into four groups (from lowest to highest recorded kinetic friction): 
Correlation between surface roughness and friction
Spearman's correlation revealed no correlation between surface roughness and friction. Figure 3 illustrates this lack of relationship between surface roughness and friction with a wide scatter of data and no discernible pattern.
Discussion
Surface roughness
Our results demonstrated a statistical difference (P < 0.05) in surface roughness between several of the archwires tested. Uncoated NiTi (Forestadent Titanol Superelastic) and uncoated stainless steel (Forestadent) archwires had among the lowest surface roughnesses and also the lowest friction; the coated archwire, Forestadent Titanol Biocosmetic, has equally low roughness but higher friction. Comparison with previous studies is complicated by a number of factors including a lack of a universal standard archwire and lack of standard testing equipment, which limit the use of surface roughness R a values for comparison.
Apart from the potential influence of surface roughness of archwires on friction, its relevance in clinical orthodontics also includes factors such as corrosion potential and biocompatibility (6, 8, 9, 25) ; aesthetics (8, 9, 25) and plaque accumulation; the latter is proposed to increase caries and gingivitis risk (6) . The significant difference of surface roughness of the archwires investigated in this study clearly demonstrates the need for careful consideration of archwire choice to ensure selection of the most appropriate aligning wire to minimize the above side-effects. However, to ensure use of archwires of consistent quality, a low range of surface roughness values would also be ideal. In terms of low mean and range of surface roughness (R a ) values, Forestadent Biocosmetic was the best coated archwire investigated with values comparable with the uncoated NiTi control archwire (Forestadent Titanol Superelastic) for average surface roughness as well as range. However, profilometry to measure surface roughness has been criticized for lack of suitability to measure rounded surfaces and inability to measure overall surface roughness (due to scanning a single line). Nevertheless, profilometry is the most commonly used technique to study surface roughness of materials and has successfully been used to measure roughness of orthodontic wires (2, 6, 21).
Friction
As described by Kapila and Sachdeva (1) , the graphs of all bracketarchwire combinations demonstrated an initially rapid increase in recorded applied force to overcome static friction before movement of the bracket commenced (Figure 4 ). Once bracket movement had been initiated, results showed a plateau of forces required for continued bracket movement (Figure 4 ) in contrast to Kapila et al. (26) who reported a reduction in force magnitude. Throughout each run there were small undulations in force levels. Possible reasons include change in contact between the archwire and the bracket slot, possibly due to background vibrations.
The results for friction within the samples of each wire type were subject to variations that may be due to variations in set-up or wire samples (17) . Variations in range of friction between different wire types ( Figure 2 ) indicate that variation in experimental set-up is unlikely to be the sole causative factor.
A number of in vitro investigations have shown differences in archwire performance both in terms of friction (23) and surface roughness (8) . Some support the use of findings from laboratory studies in clinical practice (5) and in prediction of clinical outcomes (27) . However, other investigators criticize the failure of laboratory studies to replicate clinical tooth movement (28) and hence to predict performance (including speed of alignment) of aligning archwires (29) . A systematic review of clinical trials of aligning archwires (29) summarized little clinically significant differences between the archwires tested with insufficient data to support a recommendation for a particular archwire for alignment.
A multi-centre randomized clinical trial is currently underway investigating the speed of alignment and colour stability of these archwires. Therefore, in the future, it may be possible to relate the results of this investigation to clinical findings.
In order to keep the number of variables low, this investigation did not use wet conditions to simulate the oral environment (30, 31) and also used a passive configuration (22) . The method used in this study tried to keep the number of parameters small and constant (17) , such as archwire diameter and ligature force. To further reduce inconsistency, a bracket positioning jig was used (23) ; no multiple pass testing was allowed (32) and wires tested were limited to the same batch in order to avoid any interbatch variations (although these have previously been shown to be minimal) (2) . However, Forestadent Biocosmetic did have a slightly larger diameter (of 0.017″ rather than 0.016″) compared with other archwires tested because it is not commercially available in the smaller size. Most studies agree that friction increases with larger wire dimensions (5); however, a few studies (18) have found that smaller wires result in increased resistance to sliding and have suggested this may be due to greater ability of teeth to tip; however, this was not tested in our investigation. On the other hand, other investigators did not find a significant relationship between archwire size and friction (33) and the conflicting results are likely to be due to different experimental conditions.
We chose dry conditions because previous investigators used different lubricants making comparison between studies difficult. Reports on the effects of saliva on frictional resistance are inconsistent ranging from no or negligible effect (18) to an increase (34) or indeed decrease (35) , further complicating comparison of results. The inconclusiveness of effects of lubrication are most likely due to physical and chemical characteristics of tested materials (36) and lubricants: Pratten et al. (37) found that artificial saliva increased friction, while Kusy et al. (38) observed that human saliva decreased friction and in Tidy's study (33) , water did not affect friction. However, the results of all in vitro experiments must be interpreted with caution as friction has been shown to be influenced by saliva as well as by plaque, food debris, corrosion, temperature (particularly for NiTi), and mastication (39). The archwires tested were initial alignment archwires (excluding Forestadent Stainless Steel) and despite friction being only one constituent of resistance to tooth movement, overcoming the resistant force represents an additional orthodontic load (typically 40-60 per cent) (40) . Therefore, low friction may still be important for efficient tooth movement especially during alignment (41) .
Current popularity of uncoated NiTi archwires for alignment was supported by inclusion of the tested uncoated NiTi (Forestadent Titanol Superelastic) in the group of archwires exhibiting lowest friction. However, an increasing proportion of patients is concerned with the appearance of orthodontic appliances and the results of this experiment indicate that a number of tooth coloured and rhodium coated archwires offer a viable alternative for aligning archwires in terms of associated frictional resistance. Two tooth coloured coated (TP Aesthetic and Forestadent Titanol Cosmetic) and a rhodium coated (Hawley Russell Rhodium) archwires exhibited friction that was not statistically different from the uncoated NiTi control (Forestadent Titanol Superelastic). In contrast to previous work by Husmann et al. (17) , we found that not all coatings tested reduced frictional losses compared with the uncoated wires of the same manufacturer. On the other hand, not all coated archwires may be viable alternatives clinically due to the large range of frictional resistance detected.
The lack of statistically significant difference of friction between the uncoated stainless steel (Forestadent) and NiTi (Forestadent Titanol Superelastic) aligning archwires, which is in agreement with Cacciafesta et al. (24) , demonstrated that NiTi archwires can be considered for space closure in orthodontics. However, space closure is usually performed with wires of larger dimension and a further investigation with such archwires will be necessary before final recommendation can be made.
Relationship between surface roughness and friction
No clear correlation was demonstrated between surface roughness of the archwires and kinetic frictional resistance. This is consistent with previous investigations (6, 8, 19) , although this finding appears to contradict the laws of physics and common sense. However, the findings of our investigation illustrate the complex nature of the interaction between archwire and bracket and hence the determination of friction. It also highlights the complexity of selecting the most appropriate aligning archwires and demonstrates the need for caution in accepting the implications of manufacturers' claims on the relationship between surface finish of archwires and frictional resistance.
Conclusions
1. Statistically significant differences were demonstrated between some coated and uncoated wires for surface roughness and frictional resistance. 2. No correlation was detected between surface roughness and frictional resistance. Margins sharing a letter in the group label are not significantly different at the 5% level. 3. No aesthetic aligning archwire investigated demonstrated both low surface roughness and low frictional resistance; however, some showed one of these desirable properties. 4. In order to select the most appropriate aligning archwire for each patient, clinicians are advised to consider the merit of both surface roughness and frictional resistance.
